Previous research had identified four serogroups of Rhizobium trifolii indigenous to the acidic Abiqua soil (fine, mixed, mesic Cumulic Ultic Haploxeroll). Nodulation of subterranean clover (Trifolium subterraneum L.) by two of the serogroups, 6 and 36, was differentially influenced by an application of CaCO3 which raised the pH of the soil from 5.0 to 6.5. These studies were designed to characterize this phenomenon more comprehensively. Liming the soil with either CaCO3, Ca(OH)2, MgO, or K2CO3 significantly (P = 0.05) increased the percent nodule occupancy by serogroup 36, whereas the percent nodule occupancy by serogroup 6 was decreased, but the decrease was significant (P = 0.05) only after application of either CaCO3 or Ca(OH)2.
Previous research had identified four serogroups of Rhizobium trifolii indigenous to the acidic Abiqua soil (fine, mixed, mesic Cumulic Ultic Haploxeroll). Nodulation of subterranean clover (Trifolium subterraneum L.) by two of the serogroups, 6 and 36, was differentially influenced by an application of CaCO3 which raised the pH of the soil from 5.0 to 6.5. These studies were designed to characterize this phenomenon more comprehensively. Liming the soil with either CaCO3, Ca(OH)2, MgO, or K2CO3 significantly (P = 0.05) increased the percent nodule occupancy by serogroup 36, whereas the percent nodule occupancy by serogroup 6 was decreased, but the decrease was significant (P = 0.05) only after application of either CaCO3 or Ca(OH)2.
Application of KH2PO4 (25 mg of P kg of soil-'), which did not change soil pH, also significantly (P = 0.05) increased the percent nodule occupancy by serogroup 36. Application of KH2PO4 in combination with Ca(OH)2 produced the same increase in nodule occupancy by serogroup 36 as did individual application of the two materials. Soil populations of serogroup 36 consistently, and in the majority of cases significantly (P = 0.05), outnumbered those of serogroup 6 before planting and after harvest regardless of soil treatment or the outcome of nodulation. Soil chemical and plant analyses provided no evidence that liming was simulating phosphate addition by increasing the availability and subsequent uptake of soil Pi by the subclover plants. Liming did, however, result in a significant transformation (30 to 50 mg of P kg of soil1) of Pi from the residual soil Pi fraction into an NaOH-extractable organic P fraction during the preplant equilibration period.
For many years, factors associated with acid soils have often been diagnosed as impediments to the establishment and subsequent productivity of subterranean clover (Trifolium subterraneum L.). Although liming such soils tends, in general, to alleviate many establishment problems (2, 3) , the critical steps that are influenced by such a treatment can be numerous. For example, improvement in establishment and/or growth as a result of liming has been attributed to increased molybdenum and/or phosphate availability to the plant (2, 12, 14, 21, 37) . Spencer (44) , however, suggested that liming enhanced nodulation as a result of increasing both the soil calcium level and soil pH. Subsequently, a higher requirement for calcium in nodulation under acid conditions (26, 29, 36) than for subclover growth (28) was confirmed.
Concerns have also been expressed for the influence of acid soil conditions on survival and proliferation of the microsymbiont Rhizobium trifolii. Lime improved the proliferation of the latter in both the absence (10, 11, 34, 50) and the presence (32, 40) of the host plant. Norris (34) , however, raised the issue of whether the increase in divalent cation concentration or the increase in pH was really the critical factor. Numerous reports in the literature have shown variation among strains of R. trifolii regarding their abilities to grow and/or nodulate clover singly, or in competitive situations, in the presence of acid soil-related stresses (25, 38, 41, (46) (47) (48) (52) (53) (54) (55) .
In this connection, we previously reported upon the heterogeneous nature of an indigenous R. trifolii population in root nodules of subclover growing in an acidic (pH 5.0) soil (15) . The composition of the population recovered from root nodules of plants grown in unamended soil was different from that found in nodules of plants grown in the same soil after it had been limed with CaCO3 (16, 17) . The objectives of this study were (i) to characterize more comprehensively the effects of lime on the growth and nodulation of subterranean clover; (ii) to enumerate and monitor the population dynamics of specific indigenous serogroups in response to liming of the soil; and (iii) to explore the possibility that other interactive roles of lime, independent of calcium or pH per se, were the cause of the nodule occupancy changes.
MATERIALS AND METHODS
Soil. Surface samples (0 to 0.3 m) of soil were collected from the Al horizon of a silty-clay loam of the Abiqua series (a member of the fine, mixed, mesic, Cumulic Ultic Haploxerolls), mixed thoroughly, and, while moist (14 + 0.2% [wt/wt] water), passed through a 2-mm mesh screen. Soil analyses were carried out by using the standard methods of the soil testing laboratory, Department of Soil Science, Oregon State University (5), except that extractable aluminum was determined by a modified Aluminon method (23) after extraction with 1 M KCl (4) . Salient characteristics of the soil relevant to this study are as follows: pHH2O, 5 36 , and occupancy was determined by immunofluorescence (13) .
(ii) Enumeration of the soil populations of serogroups 6, 27, and 36. After harvest, 10-g subsamples of root-associated soil were taken from each pot, and rhizobia were extracted and enumerated by immunofluorescence as described previously (13) with a minor modification. To flocculate the soil colloids in the gelatin-ammonium phosphate suspension, 1.83 g of a dry, finely ground mixture of CaCl2 2H20 and MgCO3 was added (13 Shoots and roots (devoid of nodules) were separated and oven dried at 65°C to a constant weight. Plant samples were ground to pass through a 1-mm screen and redried before being analyzed for N, P, K, and S. Samples of root and shoot tissue were digested by the Kjeldahl method (6) and analyzed for total N and P. Potassium was extracted from composite samples of shoot and root tissue by nitric acid digestion followed by perchloric acid digestion (22) and quantified with an atomic absorption spectrophotometer (no. 4000; The Perkin-Elmer Corp., Norwalk, Conn.). We determined the sulfur content in composite shoot samples of plants subjected to each treatment by digestion by the method of Tabatabai and Bremner (45) (ii) Experiment 3b. After the 20-day equilibration period, KH2PO4 was mixed thoroughly with subsamples of each soil, which were potted (0.5 kg pot-') into four replicates per treatment. Soil samples were taken at intervals (0, 5, 10, and 15 days) after application of KH2PO4. One replicate was used at each sampling time, and the soil was divided for both soil solution analyses and determination of extractable aluminum and phosphate. Extractable Al was displaced with 1 M KCI (4) , and extractable phosphate was displaced with 0.03 M NH4F in 0.025 M HCI (35) . Soil solutions were recovered from 400-g portions of soil by centrifugal displacement (39) with the following modifications. Soil solutions were composited by treatment and passed through 0.4 ,umpore-size membrane filters (Millipore Corp., Bedford, Mass.). Aluminum and phosphate were determined colorimetrically by the Aluminon (23) and molybdate blue (33) methods, respectively. Calcium, Mg, and K were determined by atomic absorption spectrophotometry.
(iii) Experiment 3c. After the 20-day equilibration period, different portions of the unlimed and limed soil samples were amended uniformly with Mo and S as described above and selectively with the respective KH2PO4 treatment. Soil was potted (0.7 kg pot-') into four replicates per treatment, and growth, plant analysis, and nodule occupancy were evaluated as described above. An experiment was conducted to determine whether liming had influenced the distribution of soil phosphate in its various forms during the preplant period. Three levels of Ca(OH)2 (0, 1, and 4 g kg-') were used, which resulted in soil pH values of 5.0 + 0.1, 5.8 + 0.1, and 6.4 ± 0.1 respectively, after the 20-day equilibration period. Subsamples were taken from each treated sample, and Pi and organic phosphate were fractionated sequentially by the procedure of Hedley et al. (20) , with the minor modification that concentrated HCI was used in place of concentrated H2SO4 for digesting the residual phosphate fraction. RESULTS Experiment 1. Regardless of the composition of the material, liming significantly (P = 0.05) increased the percent nodule occupancy by serogroup 36 (Table 1) . Percent occupancy by serogroup 6 was lower after all lime treatments than in unamended soil, yet the decrease was significant (P = 0.05) only in the calcium-containing treatments. Liming did not influence significantly the nodule occupancy by indigenous serogroup 27. A phosphate application (25 mg of P kg-'), which did not raise the soil pH, also significantly (P = 0.05) increased the percent nodule occupancy by serogroup 36, but had no effect on nodule occupancy by serogroup 6. The number of nodules cooccupied by members of both serogroups 6 and 36 also increased substantially (12 to 32%) as a result of the phosphate application. Neither the numbers of nodules formed (ranging between 21 and 42 per plant) nor the shoot dry weight yields of the plants were significantly affected by the treatments under these growth conditions (data not shown).
The population densities of the serogroups were evaluated in postharvest samples of root-associated soil. Although the populations of serogroups 6 and 36 were similar (104 g-1), in all cases serogroup 36 outnumbered serogroup 6 by 2.5-to 6-fold (Table 2 ). Significant differences (P = 0.05) between the populations of serogroups 6 and 36 were observed in unamended soil and soil treated with Ca(OH)2, K2CO3, or KH2PO4. Although there was a nonsignificant trend for the population densities of both serogroups 6 and 36 to be twoto threefold greater in the amended soils regardless of treatment, no evidence was obtained that the soil treatments resulted in selective proliferation of one serogroup over the other. The direct counts of the populations in soil were comparable to those obtained by evaluating nodule occupancy of final positive dilutions of plant infection-soil dilution tests (data not shown). These data suggest that cells of both serogroups 6 and 36 observed by immunofluorescence were indeed viable, possessed nodulating capability, and made up similar and significant portions of the total R. trifolii population in soil. Experiment 2. Application of 25 mg of P kg-' immediately prior to planting resulted in a significant increase (P = 0.05) in percent nodule occupancy by serogroup 36 but had no influence on the nodule occupancy by serogroup 6 (Table 3) . Occupancy by the latter was overwhelmingly dominant in this particular experiment. No significant differences were observed between the percentages of nodules occupied by serogroup 36 at any of the three concentrations of phosphate applied. The percentage of nodules co-occupied by serogroups 6 and 36 was significantly higher (P = 0.05) in the soil receiving Mo and S than in unamended soil and was further increased (P = 0.05) by phosphate application.
Shoot dry weights were increased significantly (P = 0.05) by the combined application of Mo and S, but no further yield increase was measured in response to phosphate application (Table 4 ). The improved yield is assumed to be due to the Mo application. Although the latter was not measured 6 and 36. by both serogroups 6 and 36 increased significantly (P = 0.05) as a result of phosphate application and was independent of the presence or absence of lime. The direct counts of both serogroups 6 and 36 in the soil during the 20-day equilibration period prior to planting revealed that a threefold proliferation of both serogroups 6 and 36 had occurred during the incubation period regardless of soil treatment or the outcome of nodulation ( Table 6 ). As reported for postharvest samples, serogroup 36 populations consistently outnumbered those of serogroup 6. No evidence was obtained from analysis of either plant growth or nutrient content to suggest that the common stimulation by lime and phosphate of occupancy by serogroup 36 was linked with lime stimulation of soil phosphate uptake by the plant. On the contrary, the data showed that lime decreased the availability of both soil and fertilizer phosphate to the plant. A nonsignificant increase in shoot dry weight of 26% in response to phosphate was accompa- nied by a significant (P = 0.05) suppression of shoot dry weight in response to liming (Table 7) . Although phosphate uptake in the shoots of plants in the unlimed soil treated with phosphate was significantly (P = 0.05) greater than in the unlimed control, liming substantially suppressed the uptake of soil phosphate and significantly (P = 0.05) suppressed the uptake of fertilizer phosphate by the plants. Table 8 ). The major portion of the decrease in Pi was accounted for in the residual phosphate fraction extracted with concentrated acid, whereas the major increase in the organic phosphate fraction was observed in the 0.1 M NaOH-extractable phosphate fraction. DISCUSSION The data presented in this study expand upon previous findings on the effect of CaCO3 on nodule occupancy of subclover by indigenous R. trifolii (16, 17) . From those studies it was hypothesized that the improved nodulation by indigenous serogroup 36 as a result of neutralizing soil acidity could have been due to selective proliferation of serogroup 36 organisms from a lower population base in the acid soil than serogroup 6. Circumstantial evidence to support such a hypothesis has been documented (see Introduction). The results of this study, however, provided no evidence for this possibility. Serogroup 36 outnumbered serogroup 6 in unlimed and limed soil, independent of sampling time and nodulating success. Although the relative numbers of serogroups 6, 27, and 36 bore no resemblance to the outcome of nodulation, we can infer, since the population densities were significantly different, that the data reveal preliminary information about differences in saprophytic competence within the indigenous population. Although the term saprophytic competence was introduced into Rhizobium research almost 20 years ago (9), little evidence has been forthcoming from nonsterile-soil studies to suggest that strains of R. trifolii do indeed differ in this respect and that such differences are important to nodulation success or failure.
The increase in the number of nodules occupied by serogroup 36 as a result of either lime or phosphate addition is noteworthy. Two hypotheses were attractive, since if proven, they would have linked to this phenomenon concepts established about the chemistry of phosphate in acid soils and other soil-acidity-related Rhizobium research. The first is that liming the acid soil simulated phosphate addition by increasing the availability of soil phosphate to either the soil microorganisms or the subclover plant or both (18, 21) . The second is that both phosphate and lime were acting in a similar manner by reducing available soil aluminum to a level nontoxic to either members of serogroup 36 or the host plant (46, 47, (52) (53) (54) (55) . The results of this study revealed that liming did not enhance soil phosphate uptake by the subclover plant and that phosphate did not reduce the low levels of extractable and soil solution Al or influence the nontoxic levels of Al in shoot or root tissues (data not shown). Liming did, however, stimulate a significant transformation of Pi into an organic phosphate form during the preplant equilibration period. The magnitude of this transformation (ca. 30 to 50 mg of P kg of soil-') is within the limits of values reported in the literature for phosphate in soil microbial biomass, which range between 10 and 100 mg of P kg of soil-' (7, 19, 20, 31, 43, 51) . Soil biomass has also been shown to increase in response to liming (1, 8) .
Our data support the possibility that liming results in soil
Pi becoming more chemically available for immobilization, with special benefit to members of the soil microbial community previously handicapped by its level of availability. Alternatively, liming releases acidity-related inhibition of phosphate immobilization by the soil microbial population without necessarily influencing the chemical forms of phosphate in the soil. In either case, the assumption is that the phosphate status of members of the R. trifolii soil population is improved as a result of lime application. Benefits to the nodulating capabilities of serogroup 36 organisms subsequently ensue. Studies carried out under nonsoil conditions, and described in the accompanying paper (26) , have shown that a representative of serogroup 6 has better P1-sequestering and nodulating abilities than those of a member of serogroup 36 at low pH and at the low Pi concentrations typical of Abiqua soil solution (-0.7 ,uM). Furthermore, the acid phosphatase activities of both strains are significantly lower at pH 5.0 than pH 6.5 (26) . However, we must temper these speculations with the fact that the soil population of serogroup 36 consistently outnumbered that of serogroup 6 regardless of soil treatment.
The response of serogroup 6 nodule occupancy to soil amendments was more complex than that of serogroup 36.
Although Ca(OH)2 and CaCO3 reduced the serogroup 6 nodule occupancy, thereby confirming our previous findings (16, 17) , non-calcium-containing liming materials did not reduce the serogroup 6 occupancy significantly. Moreover, although the addition of phosphate alone had no effect on serogroup 6 nodule occupancy, the addition of phosphate in combination with Ca(OH)2 counteracted the negative effect of the latter material in reducing occupancy. Exactly how phosphate counteracts the effect of Ca(OH)2 is not known, nor can a special role for the cations associated with either the liming materials or the phosphate be ignored. The results have provided preliminary evidence for interactions between pH, cations, and phosphate on nodule occupancy by members of indigenous serogroup 6 which were not observed with indigenous serogroup 36. On the basis of these differences in nodulation responses by different members of an indigenous population of rhizobia, we can only wonder how inoculant strains can ever be introduced into competitive situations with predictable success guaranteed.
In this study the conditions which stimulated occupancy by serogroup 36, but which did not reduce occupancy by serogroup 6 (i.e., phosphate alone or lime plus phosphate), resulted in co-occupation of significant proportions of nodules by both serogroups. These findings support other recent findings that co-occupancy can be substantial in nodules of soil-grown legumes (13, 30, 38) . Obviously, conditions which improve the nodulating capability of one group of indigenous organisms do not necessarily result in exclusion of another group from nodules. Increased incidences of co-occupancy have been reported with 1:1 mixtures of two strains of R. trifolii as a result of raising the pH on agar-grown plants (25) or of application of lime to field-grown plants (38) of white clover (Trifolium repens L. cv. Milkanova). Our findings certainly illustrate the need for a combination of soil chemical and microbiological expertise to elucidate the factors influencing nodulation and growth performance of soilgrown legumes.
